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Abstract
The carbothermal reduction of MgO and Al2O3 in argon flow at low pressure allows to lower the onset temperature of metal vapor formation.
Thermodynamic calculations indicate that metal formation begins at 1400 and 1700 K for a primary vacuum (1000 Pa), respectively, for Mg and
Al. In the experimental section, concentrated solar energy was used for the process heating in order to favor energy savings. The products of the
reaction between MgO or Al2O3 and 2 varieties of carbon (graphite, carbon black) in flowing argon atmosphere at a total pressure of around 1000
to 1600 Pa were studied using X-ray diffraction, and microstructure observations revealed the formation of metallic nanopowders with some
by-products. Metallic conversions close to 45 wt% and 52 wt%, respectively, for Mg and Al, were obtained. The low conversion yield of the
carbothermal reduction of MgO can be attributed to a backward reaction reforming MgO powder and to a sintering process between oxide particles
at high temperature. Aluminum production challenge is to avoid formation of undesired by-products: Al2O, Al4C3 andAl-oxycarbides. Advantages
and weaknesses of the used process are described and some improvements are proposed to increase metallic yields.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Magnesium and aluminum are one of the lightest and
more abundant metals of the Earth surface commonly used in
human activities. Energy densities of these metals are close or
larger than fossil fuels, which indicates that the use of such
solid materials as potential fuels is very attractive. However,
main production of aluminum by the Hall–Héroult electrolytic
process and reduction of magnesia by the Pidgeon process
(mainly in China) remain a problem for the global warming as
these processes use high carbon sources for their high energy
input [1,2]. In order to reduce CO2 emissions used in these
metallic material productions, a great part of the input could be
provided by concentrated solar energy, which is an accessible,
inexhaustible and clean energy source, allowing to obtain high
temperatures on short times. The use of a reducing agent, like
carbon (from biomass or other sources), is useful to decrease
the reduction temperature. The overall reactions can be repre-
sented by [3]:
MgO C Mg CO kJ mol+ = + = ⋅ −ΔG K2980 1431 8. (1)
Al O C Al CO kJ mol2 3 2980 13 2 3 1170 8+ = + = ⋅ −ΔG K . (2)
Solar metallic production using a carbothermal process was
considered in the 1990s in order to use renewable energy and to
reduce the greenhouse gases in the extractive metallurgical
industry [4–9]. First studies proved the possibility of ZnO to be
decomposed into Zn using high-temperature solar processes
[4–7]. Successful solar carbothermal reduction of ZnO was
scaled up to industrial level [10].
At atmospheric pressure, thermodynamic calculations showed
that temperatures greater than 3700 K are necessary to thermally
reduceMgO andAl2O3. Using a carbon source as reducing agent,
it is possible to reduce MgO from 2130 K and Al2O3 from
2320 K [8,9]. However, some recent studies indicate that a
complete reduction of Al2O3 happens at 2900–3000 K in such
conditions [11,12]. A major problem of the reduction of Al2O3 is
provided by the formation of undesirable by-products: Al2O(g),
Al4C3(s), Al2OC(s) and Al4CO4(s).
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Under vacuum, the temperatures of the carbothermal reduc-
tion of the two oxides are theoretically lowered. MgO can be
reduced with carbon from approximately 1360 K and Al2O3
from 1700 K at 10 Pa [11,12]. Carbothermal reduction ofAl2O3
is even possible from 1600 K at 1 Pa [13]. In fact, undesirable
by-products are formed in lower proportion during the
carbothermal reduction of Al2O3 that allows an increase of
the metallic conversion.
A first solar carbothermal reduction of MgO was realized by
Murray et al. at temperatures around 2200 K and in between
2000 and 4000 Pa [14]. A maximum conversion yield of 13%
was obtained. The use of a cold finger did not allow obtaining
greater yields in this case. In fact, a major problem could concern
the reversion reaction between carbon monoxide and produced
magnesium. Shafirovich and Goldshleger proved that the
reaction between carbon monoxide and gaseous magnesium (in
CO/CO2 atmosphere) is kinetically slow, which indicates that
either liquid or solid magnesium has to be formed before
reversion can proceed [15]. Two carbothermal reduction routes
are well described by Brooks et al. to prevent this reaction: rapid
quenching of the vapors or dissolving the magnesium directly in
a suitable metal solvent [16]. Engell et al. used a rapid quenching
of the Mg vapors in a condensation zone cooled below 800 K at
low pressure (10 to 10000 Pa) [17]. Another process, using a
Laval nozzle (MagSonicTM) at temperature above 1970 K and at
atmospheric pressure, was developed with reversion below 10%,
which demonstrated the possibility to obtain a high magnesium
yield [18]. The reaction mechanism and kinetics at atmospheric
pressure or in vacuum could be well described by a phase-
boundary-controlled model [19–21]. So, it is important to avoid
sintering between the largest MgO particles, which could reduce
the contact surface between MgO and carbon particles. Notably,
in a recent solar carbothermal reduction experiment under
vacuum with a PCO of 3 Pa and a temperature of 1800 K, this
sintering was already supposed to be the cause of important
amounts of unreacted magnesia [22]. Yang et al. demonstrated
that the reverse reaction, which promotes the formation of MgO
in the condensed products, could be decreased by controlling the
condensation temperature and the vapor partial pressure [23].
The grade of the carbon source is also very important. As an
example, Galvez et al. obtained higher metallic yields with
petroleum coke than with wood charcoal as a function of
experiment time.A magnesium yield of 85.4% had been reached
using an excess of petroleum coke (MgO:C = 1:2) after
200 minutes at 1823 K. However, reactions with petroleum coke
appeared to be well described by a gas–solid kinetic model,
which could demonstrate a more important role of the CO(g)
diffusion [24]. These calculations are in good agreement with Li
et al., i.e. 2 stages are present with an important role of CO
diffusion but it contradicts a phase-boundary-controlled model
[19–21,25]. Sheline et al. also investigated an alternative route to
produce Mg from MgO using a combined solar electrolytic
process with platinum or graphite as anode material [26]. This
study proved the possibility to produce Mg with this process and
revealed that the presence of carbon in the reactor provided
substantive positive effects on the global reaction even if the
conversion yield was low.
Concerning the carbothermal reduction of Al2O3, the forma-
tion of undesirable product Al2O(g) and Al4C3(s) during the reac-
tion was well described [27]. Al4O4C(s) is formed during the
cooling of the metallic vapors and Al2O(g) when in contact with
CO(g). A powder mix Al2O3:C = 1:6 was placed in a furnace
heated at 1970 K at atmospheric pressure, with an argon flow of
1 Nl min−1. The extent of reaction was larger than 90% after
120 minutes. In this experiment, the reaction extent was mea-
sured by an analysis of the oxygen content in the reduced
sample. Consequently, the Al4C3(s) content with an argon flux
was not specified [27]. Halmann et al. succeeded in producing
elementary Al in an induction furnace at temperatures between
2248 and 2319 K at atmospheric pressure [28]. However, the
deposits contained high amounts of Al4C3(s) and Al2OC(s). A
solar carbothermal reduction of Al2O3, using a high flux simu-
lator, was realized around 350 to 1200 Pa and at temperatures
between 1300 and 2000 K [13]. The extent of reaction reached
55% at 2000 K but the Al weight content was only 4% due to
the formation of the by-products Al4C3(s) andAl4O4C(s). A recent
solar reactor has been recently built in order to better reduce
Al2O3 in vacuum [22,29]. Al conversion yields of 74 to 90 wt%
were obtained at 1800 K and with a PCO in the range 4–6.4 Pa.
Powders produced with the major aluminum content were col-
lected on a cold zone (frozen stainless steel tube). Various Al
contents of the collected powders were found depending on the
temperature of the deposit zones. It was concluded that the
deposit site in the reactor should have temperatures lower than
770–870 K to avoid the formation of Al2O3(s), Al4C3(s) and
Al4O4C(s) [22].
In the present study, thermodynamic calculations of the
carbothermal reduction of MgO andAl2O3 at atmospheric pres-
sure down to 1 Pa were realized. Experimental carbothermal
reductions of MgO andAl2O3 were performed at 1000–1600 Pa
with a reactor called “Heliotron” previously described by
Monty and used to prepare nanopowders [30,31]. One of the
aims of this study concerned the possibility to produce fine
metallic powders. The concentrated solar flux delivered during
the experimentation was estimated from calibration of the 2 kW
solar furnace. Vertical distance of the sample from the focus
and direct solar irradiation were measured. Two varieties of
carbon sources have been mixed with oxide powders in order to
compare their reactivity. Duration of experiments was opti-
mized in order to produce high metallic yields in short times.
Powders collected on two cold zones of the reactor were ana-
lyzed using X-ray diffraction (XRD) and scanning electron
microscopy (SEM). Metallic yields were calculated using X-ray
diffraction quantitative analysis.
2. Thermodynamics study
Thermodynamic calculations of the carbothermal reduction
were performed using GEMINI 1 (Gibbs Energy MINImizer)
software associated with COACH (computer aided chemistry)
database [32]. Closed systems were assumed. Results are
expressed as mole fraction for each temperature, at fixed pres-
sures from 1 to 105 Pa. Products with mole fractions lower than
0.01 mmol were not considered.
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The temperatures of the carbothermal reduction of the two
studied oxides are plotted as a function of pressure in Fig. 1
(metallic yields larger than 95% mol. were considered).
At atmospheric pressure, the temperatures needed for the
carbothermal reduction of MgO and Al2O3 are respectively
equal to 2100 and 2900 K. A decrease of the total pressure
down to 1 Pa allows to diminish these temperatures, respec-
tively, at 1300 and 1600 K. Nonetheless, the diminishing trend
is more important on the 2–3 first decades of pressure. The
reduction of an oxide at temperature higher than 2500 K using
a concentrated solar system is difficult because the reactor
materials must resist to high thermal stresses. It appears better
to use temperatures lower than 2000 K (melting temperature of
titanium is around 1940 K) and even below than 1700 K (close
to the melting temperature of steel) in this kind of process.
Taking into account these remarks, the carbothermal reduc-
tion of MgO and Al2O3 is theoretically feasible respectively at
pressures from 1000 to 10 Pa (or at lower pressures).
The evolutions of the reaction products of the stoichiometric
carbothermal reductions as function of temperature at 105, 1000
and 10 Pa are presented in Figs. 2 and 3. Only 2 gaseous products
are thermodynamically favored in the carbothermal reduction of
MgO: Mg and CO (Fig. 2). Gaseous Mg and CO are produced;
meanwhile, the reactants are consumed. Carbothermal reduction
of MgO begins at 1800, 1500 and 1300 K, respectively at 105,
1000 and 10 Pa.
Thermodynamic calculations indicated the presence of at
least 3 gaseous products in the carbothermal reduction ofAl2O3:
Al, CO and Al2O (Fig. 3). Formation of Al2O(g) begins at lower
temperatures than the formation of Al(g). However, this product
decreases after reaching a maximum at 2200, 1800 or 1600 K,
respectively, at 105, 1000 and 10 Pa. Al2O(g) is transformed into
Al(g) at higher temperatures. Lower amounts of Al2O(g) are
formed at lower pressure. Consequently, it appears better to use
low pressures to diminish the formation of this undesirable
by-product. Al3C4(s) was not taken into account in the calcula-
tions due to a lack of data in the used database. Indeed, the
presence of this compound in the carbothermal reduction of
Al2O3 was already described in earlier studies [11,13,28].
However, it was present in lower amount than Al2O(g) and
appeared and disappeared nearly at the same temperatures,
Fig. 1. Temperature of carbothermal reduction of MgO and Al2O3 versus pres-
sure (metallic yields >95% mol.).
Fig. 2. Equilibrium distribution versus temperature for MgO + C at (a) 105 Pa, (b) 1000 Pa and (c) 10 Pa.
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this being not a problem to calculate the temperature of
carbothermal reduction of Al2O3 (Fig. 1). Only the amount of
Al2O(g) in Fig. 3 seems to be overestimated due to this absence.
The metal reduction happens in shorter temperature ranges at
lower pressures, which could enhance the metallic yield.
In case of use of concentrated solar energy for the process
heating for the carbothermal reduction of Al2O3, it had been
estimated that the total theoretical energy demand at 10 Pa (only
the pumping work) would be of 12.9 MJ kg−1 of Al [11]. This
energy represents 77% of energy saving compared to the
conventional electrolytic process (Hall–Héroult) to produce
aluminum [33]. The carbothermal reduction of MgO using
concentrated solar energy was not estimated. Considering that
this reaction could be realized between 104 to 10 Pa and that only
1 mole of CO/mole of metal is produced (1.5 mole of CO/mole
of metal for aluminum in stoichiometric conditions), the
pumping work should be lower than 12.9 MJ kg−1 of Mg.
Conventional Pidgeon or electrolytic processes use more than
240 MJ kg−1 of Mg, which is very high [34]. Even if some
treatments are needed to produce pure magnesium (calcination,
purification…), the proposed reduction process should be very
attractive against the conventional processes because of the low
non-renewable energy consumption and could be comparable or
more competitive than the recently proposed MagSonicTM
process [18,34].
3. Materials and methods
3.1. Preparation of the reactants
Mixtures of reactant oxides (MgO or Al2O3, Sigma-Aldrich,
325mesh, >99%) with graphite (Timcal HSAG300, >250 m2 g−1)
or with carbon black (Cabot Carbone, 38–40 m2 g−1) as a source
of reducing agent were prepared using the following ratios:
• MgO:C = 1:2 (carbon in excess),
• Al2O3:C = 1:3 (stoichiometry).
An excess of carbon was used in the carbothermal reduction
of MgO due to primary investigations, indicating that the reac-
tion was more complete with a greater amount of carbon than
using a stoichiometric mixing. Powder mixtures were pressed at
1 ton to form pellets (diameter 8 mm, thickness from 1.5 to
3 mm). One to three pellets (vertically packed) were placed on
a sintered alumina substrate (3 mm thickness). Then, this sub-
strate was put on a graphite cylinder (24 mm thickness) posi-
tioned on the sample holder.
3.2. Design of the solar reactor and experimental conditions
A batch solar reactor called “Heliotron” previously described
by Monty had been used in order to reach primary vacuum level
at high temperature [30]. A schematic layout of this reactor is
Fig. 3. Equilibrium distribution versus temperature for Al2O3 + 3C at (a) 105 Pa, (b) 1000 Pa and (c) 10 Pa.
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presented in Fig. 4a. A Pyrex glass balloon was used as the main
reactor wall. The sample holder and a finger (in copper alloy)
placed 85 mm above the sample holder were water-cooled in
order to preserve the mechanical integrity of the materials from
the batch reactor and to collect condensed powders deposited
on colder zones. A 2 kW solar furnace located in Odeillo,
France, able to concentrate solar energy up to 11,000 suns
(1 sun ≈ 1000 W m−2), was used for the experiments. The
heliostat, equipped with a sun tracking system, vertically reflects
the direct solar flux on a stationary parabolic mirror. Solar energy
is concentrated in a focal point during experiment (Fig. 4a and b).
The normalized flux (for 1000 W m−2) at the focus of the
parabolic mirror is close to 10.5 MWm−2 i.e. 10,500 suns.
Distribution of the concentrated solar energy on the sample
surface at the focus, at 5 and 10 mm below the focus are shown
in Fig. 5a. These 2D distributions have also been plotted using
axis “North–South” and “East–West” in Fig. 5b. Uncertainties on
flux measurements on the sample surfaces are close to 10% due
to the uncertainties on the calibration method, on the precise
position of the sample and on the estimated height of the sample
during experiments. The flux distribution is less uniform for
vertical distances superior to 10 mm from the focus.
At the beginning of the tests, samples (with alumina substrate
and graphite cylinder) were placed on the cooled sample holder
at around 25 mm below the focal point (Fig. 4a). Argon was
injected in the batch reactor by little holes placed around the
sample holder. The primary pump (Alcatel 1012A) was allowed
to reach 1000 to 1600 Pa with flowing argon (1–2 Nl min−1) and
the pressure remained constant during the experiment. At these
pressures, samples were quickly raised until the first vapors were
observed (Fig. 4b). Then, samples were gradually raised until a
minimum of 5 mm below the focal point. Different durations
were used between the raising steps and the sample height
decreased as a function of time and of the rise toward the focus.
Vapors mainly condensed on the cold finger above the sample-
holder and on a ZrO2–TiO2 filter (0.1 µm) located just before the
primary pump. Some little amount of products were also present
on the glass balloon but it was not taken into account in the
results because it represents less than 10 wt% of the deposits.The
direct solar flux (or DNI, i.e. direct normal irradiance) was nearly
constant for the experiments presented in this study, between 935
and 1065 W m−2. An average of this flux was calculated for each
experiment within an error of ±1%.
3.3. Characterization of the collected powders
After each solar experiment, powders deposited on the cold
finger and on the ceramic filter were collected and weighed
using precision balance Sartorius 2462 with resolution of
1 mg.
An X-ray diffractometer X PANalytical X’Pert PRO (theta–
2theta) was used to obtain structural information on the col-
lected powders. Quantitative phase analysis was performed
with the HighScore Plus software. This software allows to
compare the quality of the collected powders after the solar
experiments using the reference intensity ratio technique and
comparing obtained data to International Centre for Diffraction
Data files [35,36]. The accuracy of the analyses depends on
various parameters: sample morphology, software accuracy,
etc. and could be substantial if large conglomerates (larger than
few microns) are present in powders. Taking into account the
weight and the quantitative phase analysis of the collected
powders deposited on the cold finger and on the ceramic filter,
a metallic yield was calculated for each experiment using the
following expression:
Metallic yield wt
m metal m metalfilter filter finger fing
%
% %
( )
⋅= ⋅ + er metalm( ) ⋅max (3)
with m x m M O M M M M Ometal x y t x ymax⋅ == ⋅ ( ) ⋅ ( ) ( )0 (4)
where M(M) is the molar mass of the metal, M(MxOy) is the
molar mass of the oxide, m(MxOy)t=0 is the initial oxide mass,
and x and y are respectively the number of metal and oxygen
atoms.
Microstructure observations of the collected powders were
performed using SEM on a Hitachi S4500.
Fig. 4. (a) Schematic layout of the solar reactor experimental setup used at PROMES-CNRS laboratory, (b) photo of the setup at the focus of the parabolic mirror
during an experiment.
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4. Results and discussion
4.1. Characterization of the reactants
Oxides and carbon powders were observed using SEM.
Oxide grain diameters are lower than 44 µm (325 mesh).
However, Al2O3 grains (Fig. 6a) are larger than MgO grains
(Fig. 6b and c). Almost all of the Al2O3 grains have a diameter
range of 5–40 µm. Most of the MgO grains have diameters
between sub-micronic and few microns. MgO grains agglom-
erate easier than Al2O3 grains. The two sources of carbon are
Fig. 5. (a) 2D images and (b) data plot showing the distribution of the concentrated solar energy on the sample surface at the focus of the parabolic mirror, at 5 and
10 mm below the focus (axes N–S « North–South » and E–W « East–West »).
Fig. 6. SEM images of the reactant powders: (a) Al2O3, (b) and (c) MgO, (d) graphite Timcal HSAG300, (e) and (f) carbon black Cabot Carbone STERLING® SO.
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constituted by grains with diameter range of 10–300 µm
(Fig. 6d and e), although their microstructures differ: agglom-
erates of graphite sheets are observed for the graphite (Fig. 6d)
whereas a fine structure with a great porosity constitutes the
black carbon grains (Fig. 6e and f).
4.2. Production of magnesium nanopowders by solar
carbothermal reduction of MgO
The experimental conditions and the results from XRD
quantitative analysis of the 3 most promising tests for the
carbothermal reduction of MgO performed using concentrated
solar energy are presented in Table 1. The parameter “Z below
focus” indicates the distance (±1 mm) of the sample surface
from the focus of the parabolic mirror. With a constant DNI
close to 1000 W m−2, the reaction mainly occurred at 10 to
5 mm below the focus, i.e. for a concentrated solar flux in the
range 2000–6000 suns on short times of experiment (12 to
17 min). The obtained magnesium yields using carbon black or
graphite were quite similar, from 37 to 45 wt%.
Only magnesium and magnesium oxide were identified
using X-ray diffraction (Fig. 7). Magnesium content in gray
powders collected on the cold finger and on the ceramic filter
was between 60 and 80 wt% in all these experiments, which
indicated that the reaction kinetics was not favored by any
carbon sources. However, the pellets formed with carbon black
had a very weak mechanical strength and the reaction appeared
to be stronger in the first minutes (more vapors were released
and some particles were ejected from the sample support). So,
it seems possible to improve the metallic yield with carbon
black as carbon source if the reaction kinetics is better con-
trolled, i.e. using a binder or preheating the sample slowly.
Test n°10 compared to test n°6 both using graphite revealed
that a progressive rise of the sample from 8 to 5 mm below the
focal point allowed to obtain the greatest total mass of collected
powders (100 mg). Peak diffraction profiles of the powders
collected on filters are similar, which indicates that the crystal-
line indices of these powders are independent from the carbon
sources or from the durations and steps used during the experi-
ment. Ninety-two milligrams of powder remained on the
sample holder after test n°10, which represents 23 wt% of the
initial reactants. X-ray diffraction pattern of this residue indi-
cated that MgO and carbon are still present (Fig. 8). Using
another kind of solar reactor, Vishnevetsky and Epstein recently
obtained similar results with more than 30 wt% of residue from
the initial reactants [22]. An explanation for this important
amount of residue at the end of a carbothermal reduction of
MgO could be related to the sintering of MgO grains during
high temperature experiments [22]. XRD pattern of the residue
of test n°10 confirmed that MgO grains grew and sintered
during the experiment because the diffraction peaks of MgO
phase in residue were very sharp and intense compare to dif-
fraction peaks from MgO initial powder. For instance, full
width at half maximum (FWHM) of the more intense diffrac-
tion peak of MgO in residue is only 0.2204° while FWHM of
the same diffraction peak for initial MgO powder is 0.4723°
(Fig. 8). Specific area of MgO grains was considerably reduced,
which could slow down the reaction kinetics. A better control of
the reaction temperature could avoid the sintering process of
MgO, which would increase the conversion yield.
Table 1
Carbothermal reduction of MgO: experimental conditions and XRD quantitative analysis results.
Experimental conditions Results: weight content and XRD measurement
#Test Carbon source
(height of pellets)
Initial
mass
(mg)
DNI
(W m−2)
Z below
focus
(mm)
Steps
(min)
P
(mbar)
Powder
mass finger
(mg)
Mg
(wt%)
Powder
mass filter
(mg)
Mg
(wt%)
Yield
(wt%)
Total
time
(min)
Yield rate
(mg min−1)
3 Carbon black (2 mm) 177 1000 9-8-7 5-4-3 16 12 74 30 59 40 12 2.2
6 Graphite (4 mm) 315 955 6-5 8–9 13 20 76 40 72 37 17 2.6
10 Graphite (4 mm) 396 995 8-7-6-5 4-4-4-4 16 12 68 88 67 45 16 4.2
Fig. 7. X-ray diffraction patterns of the main collected powders after the
carbothermal reduction of MgO for tests n°3, 6 and 10 (Table 1).
Fig. 8. X-ray diffraction pattern of the residue after the carbothermal reduction
of MgO for test n°10 versus pattern of initial MgO powder.
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SEM images of the collected powders revealed that grains
with a diameter range 40–200 µm (or larger for few grains)
were deposited on the cold finger and on the ceramic filter after
each experiment (Fig. 9a and e). Whatever the deposit area and
the carbon source used, the microstructure of the grains is very
similar with clusters of agglomerated nanoparticles (Fig. 9b, c,
d and f). The diameter of the nanoparticles appeared to be
lower than 100 nm (Fig. 9c). On the contrary to the initial oxide
powders, the samples of produced powders analyzed by SEM
were not covered by a gold layer before observation because the
particles were clearly visible on the images. Any charge effect
was observed, which demonstrates that samples contained a
great part of metal (magnesium). Furthermore, large peak dif-
fraction obtained in Fig. 7 confirmed that a very fine powder
was deposited.
Thermodynamic calculations indicated that the carbothermal
reduction of MgO begins at 1500 K at 1000 Pa (Fig. 2b). First
vapors appeared when the sample was at 16 mm below the focus
of the parabolic mirror. So, the temperature is supposed to be
higher than 1500 K at this position.
According to XRD quantitative results, the maximum
metallic yield rate in these experiments is close to 4 mg min−1,
which is promising for a studied surface of 8 mm diameter.
During test n°10, an important quantity of powder was deposited
on other reactor areas (balloon, metallic components). If this
powder was collected, total magnesium yields would be in the
range 50–55 wt%. Some improvements could be done in order to
increase the magnesium rate at the end of experiment: a more
progressive rise of the sample, a better collection of the powder,
etc. However, the rate ofMgO is still high (close to 25–30 wt%).
Oxidation of the formed metallic powders during solar
experimentation (condensed or gaseous state) appeared to be the
most important mechanism which could explain this presence.
Recombination reaction of condensed magnesium with oxygen
atoms certainly happened because the setup was not perfectly
sealed. Condensedmagnesium could also react with CO or CO2,
which had been already described [15,16].Another possibility is
related to an oxidation during the collection and the storage
processes.
4.3. Production of aluminum nanopowders by solar
carbothermal reduction of Al2O3
Experimental conditions and obtained results of the most
promising experiments are presented in Table 2. Reactions were
mainly performed from 13 to 8 mm below the focus, which
corresponds to an approximated range of 1500–3000 suns.
Diffraction patterns of the collected gray powders indicated that
aluminum is the major crystalline phase (Fig. 10). However, some
by-products were also detected in the deposits. It appeared that
Al4C3, Al2OC and Al2O3 were formed whatever carbon source is
used. Slightly higher metallic yields were obtained using carbon
black as reducing agent using similar experimental conditions (test
n°1 versus test n°15). The higher conversion yield of 52 wt% was
obtained after test n°20. During this experiment, carbon black was
used as reducing agent and the rise of the sample was accelerated
up to 10 mm below the focus. A higher DNI was also measured
Fig. 9. SEM images of collected powders (a–c) on the ceramic filter and (d) on the cold finger after test n°10, (e and f) on the ceramic filter after test n°3
(carbothermal reduction of MgO).
Table 2
Carbothermal reduction of Al2O3: experimental conditions and XRD quantitative analysis results.
Experimental conditions Results: weight content and XRD measurement
#Test Carbon source
(height of pellets)
Initial
mass
(mg)
DNI
(W m−2)
Z below
focus
(mm)
Steps
(min)
P
(mbar)
Powder
mass finger
(mg)
Al
(wt%)
Powder
mass filter
(mg)
Al
(wt%)
Yield
(wt%)
Total
time
(min)
Yield rate
(mg min−1)
1 Graphite (4 mm) 460 935 13-12-9-8 10-6-7-3 12 47 48 72 61 37 26 2.5
15 Carbon black (8 mm) 820 970 10 20 15 123 50 132 56 42 20 6.8
20 Carbon black (6 mm) 507 1065 13-12-11-10-9 3-3-3-12-5 10 74 60 89 65 52 26 3.9
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and the corresponding flux was close to 3 MWm−2, i.e. 150W on
the pellet surface. These special conditions allowed to eliminate a
by-product in the deposits as no Al4C3 was identified by XRD in
the collected powders of test n°20 (Fig. 10). Al4CO4 was not
detected in all the collected powders. This compound is often
formed during the cooling process of vapors coming from the
carbothermal reduction [13,22,28,29]. The low temperature of the
deposit zones (close to ambient temperature) was significant to
avoid formation ofAl4CO4. However,Al2OCwas certainly formed
during the cooling andwas present in all collected powders coming
from carbothermal reduction experiments. Further investigations
are in progress to understand the main formation mechanism of
this oxycarbide. Important amounts of Al2O3 remaining in the
collected powders can be explained by the condensation of volatile
sub-oxide Al2O(g) formed during experiments and/or can also
indicate an imperfect tightness of the layout.
Grains of the collected powders were in a diameter range of
40–200 µm (Fig. 11a and e). Agglomerates of nanoparticles
with a diameter lower than 100 nm were observed (Fig. 11b, c,
d and f). Any charge effect was observed on the samples of
produced powders (not covered by gold layer), which demon-
strates great aluminum content.
Thermodynamic calculations indicated that the carbothermal
reduction of Al2O3 starts at 1700 K at 1000 Pa (Fig. 3b). First
vapors at the beginning of experiments were produced from
the surface of the samples at 15–17 mm below the focus of the
parabolic mirror. It is supposed that the temperature of the
samples at this position should be higher than 1700 K (with
DNI ≈ 1000 W m−2). Like for the carbothermal reduction of
MgO, sample temperature will be accurately measured in future
experiments using a new reactor equipped with a solar-blind
optical pyrometer.
Powders collected on the ceramic filter generally have a
slightly higher aluminum content than powders deposited on
the cold finger. Up to 255 mg of powder was collected in test
n°15, which corresponds to 132 mg of pure aluminum or to
6.8 mg min−1 of a promising metal production.
4.4. Advantages/weaknesses and possible improvements of
the process
The microstructure of the collected powders observed after
the solar carbothermal reduction of MgO and Al2O3 is very
similar, i.e. the used process allowed to obtain agglomerates of
nanostructured metallic powders, which had not yet been real-
ized with such a process. The great specific surface of these
powders can be an advantage for future applications as solid
fuels in combustion processes [37].
Obtained metallic yields (close to 50 wt% only taking into
account the 2 deposit areas) are comparable to another recent
solar process used to reduce alumina and magnesia with carbon
under vacuum [22]. Furthermore, similar problems than those
identified by Vishnevetsky and Epstein had been observed con-
cerning the carbothermal reduction of MgO (specially the sin-
tering of MgO grains) [22].
Similar results were obtained with the 2 varieties of carbon
sources used and biochar will be considered in future works in
order to diminish environmental impacts.
Fig. 10. X-ray diffraction patterns of the main collected powders after the
carbothermal reduction of Al2O3 for tests n°1, 15 and 20 (Table 2).
Fig. 11. SEM images of collected powders (a–c) on the ceramic filter and (d) on the cold finger after test n°20, (e and f) on the ceramic filter after test n°1
(carbothermal reduction of Al2O3).
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The major problem of the used process concerns the lack of
data on physico-chemical parameters such as the reaction
temperature (difficult to obtain due to the reactor configuration
and to the unknown emissivity of the samples containing
oxide:carbon mix) and the analysis of the released gas.
Improvements of the carbothermal reduction process of
alumina and magnesia using solar concentrated energy had
been identified and will concern:
• the manufacturing of another reactor (with an improved
tightness) to avoid or reduce formation of MgO and Al2O3
during experiment,
• the use of a solar-blind optical pyrometer to measure the
surface temperature of the sample and the implementation of
a gas analyzer in order to follow the reaction progress with
collecting released gas (CO and CO2) at the output,
• a better control of the gas flow (allowing to increase or
decrease argon flow in a greater extent),
• the use of lower pressure in order to decrease the formation
of carbides and oxycarbides predicted by thermodynamic
calculations during Al2O3 reduction (Fig. 3),
• the collection and the storage processes to avoid a possible
surface oxidation of the metallic powders after experiment.
5. Conclusion
The feasibility of the production of reproducible nanostructured
powders of magnesium and aluminum by carbothermal reduction
of magnesia and alumina at 1000–1600 Pa using concentrated
solar energy was demonstrated. The production of pure metal is
promising since a few mg min−1 was obtained on pellets of 8 mm
diameter. Up to 100–250 mg of powders were collected on the
deposit areas. Metallic content of the collected powder was in the
range 60–80 wt% although the total metallic yield of reactions
reached 40 to 52 wt%.
Concerning the carbothermal reduction of MgO, two major
problems, which had been previously described using another
layout [19,25], were detected and confirmed: sintering between
MgO particles, which reduced the surface contact area between
MgO and carbon particles, and the presence of important amounts
of MgO in the collected powders (still under investigation).
If it appeared that Al4C3(s) could be considerably reduced or
avoided during the carbothermal reduction of Al2O3 around
1000 to 1600 Pa, Al2OC was formed in the collected powders.
Important amounts of MgO and Al2O3 in the collected powders
can also indicate an imperfect tightness of the used layout.
The reaction kinetics would be improved by the control of
the process temperature, the layout tightness and the homoge-
neity of the reactant mixture. For the next step, an improved
reactor will allow to control the gas flow and the reaction
temperature. The gaseous products released (CO/CO2) will be
followed in situ using a gas analyzer in order to evaluate the
reaction progress and to understand the formation mechanisms
of by-products.
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